Abstract Possibility of using natural zeolites for water softening was investigated. Quantitative data regarding separation of calcium from water at various levels of hardness through ion exchange with the ammonium selective natural zeolite clinoptilolite is reported. Capacity of the zeolite towards calcium removal in the presence of ammonium at low concentrations and calcium at higher concentrations, and breakthrough characteristics are presented. The results have revealed that removal of calcium, and hence hardness, through ion exchange with clinoptilolite under those circumstances is a promising alternative, with surface capacities reaching 11 mg calcium/g clinoptilolite.
Introduction
The success of ammonium removal from wastewater via ion exchange with the ammonium selective natural zeolite, clinoptilolite, had been well documented in the literature (Koon and Kaufman, 1975; Beler Baykal et al., 1996; Beler Baykal and Akca Guven, 1997; Beler Baykal, 1998; McVeigh and Weatherley, 1999; Gisvold et al., 2000; Hedstrom, 2001, etc.) . However, information regarding the capacity of clinoptilolite for softening in the process of ion exchange for the removal of calcium, and thereby hardness, from natural water or tap water, which contain much lower concentrations of ammonium but high levels of hardness ions is very limited, especially in terms of quantitative data.
China is by far the world's greatest zeolite producer with an annual production of about 2,500,000 tons/year. Riparian countries of the Black Sea, namely Bulgaria, Georgia, Romania, the Russian Federation, Turkey and Ukraine also have significant zeolite reserves, an important part of which comes from clinoptilolite. The zeolite reserve of Turkey is predicted to be about 50 billon tons, however, the production at this time is limited to 1000-24,000 tons/year (DPT, 1996; MAM, 2004) .
Selectivity of clinoptilolite, which is known to be high for ammonia, for various inorganic cations at comparable concentrations was given by Ames as (Koon and Kaufman, 1975) 
As can be observed from the selectivity ranking, clinoptilolite has a higher selectivity for ammonium than hardness ions, calcium and magnesium, at comparable concentrations. However, in water supplies, the concentration of calcium and magnesium are expected to be very high as compared to ammonium. On the other hand, the selectivity of clinoptilolite towards calcium is reported to be higher than that towards magnesium.
The concentration of ammonium ion in surface water resources, for example, is expected to be 0.05-2 mg/l, but definitely not to exceed values like 4 mg/l, if the water resource is to be used for municipal water supply. On the other hand, water hardness in various types of water may go over 300 mg/l as calcium carbonate which will lead to calcium ion concentrations of over 100 mg/l. Under those conditions, hardness ions, especially calcium ions, will be expected to compete with the ammonium ion for the available exchangeable surface ions due to their presence in excessive quantities as compared to the more preferred ammonium ions.
This paper aims to present experimental results concerning calcium removal, and hardness in turn, from extensive laboratory work in an effort to investigate ammonium removal from the water of four different categories of hardness (soft, intermediate, high, and very high) using clinoptilolite, under conditions where calcium ions compete with ammonium ions. The main objective of the paper is to share the part of the data generated regarding the quantification of calcium removal from water using clinoptilolite, emphasizing how this natural zeolite may be a good alternative as ion exchanger for water softening.
Within the scope of this work, calcium isotherm data to provide information on the capacity of the ion exchanger for the removal of calcium will be presented. Furthermore, the results of continuous flow experiments run in columns packed with a Turkish clinoptilolite which were fed with the tap water of the Turkish megacity of Istanbul will be reported. Calcium breakthrough profiles at various contact times for water of intermediate hardness, represented by the tap water of Istanbul, will also be presented in this piece of work.
Methods
First, data regarding calcium isotherms to provide information on the capacity of the ion exchanger for the removal of calcium were generated in batch experiments. Subsequently, continuous flow experiments were conducted in columns packed with a Turkish clinoptilolite fed with the tap water of the Turkish megacity of Istanbul to obtain breakthrough profiles at various contact times.
The ion exchanger used in the experiments was from the western Anatolian region of Turkey, namely Bigadic, the typical chemical analysis of which is presented in Table 1 . Before starting the experiments, clinoptilolite was conditioned with a 1 molar sodium chloride solution to attain the sodium form of the exchangeable surface ions. The results reported herein come from experiments run on 1-2 mm particle size range.
Characteristics of the tap water from the laboratory of Istanbul Technical University and natural bottled spring water to represent soft water are given in Table 2 and 3, respectively. It can be observed from Table 2 that the total hardness of the tap water samples were between 119-127 mg CaCO 3 /l, indicating intermediate levels of hardness. The table also shows that about 85% of the total hardness comes from calcium ions and that the contribution of magnesium is relatively low. Similarly, it was determined that calcium contributes 82% of total hardness in the spring water used. Keeping in mind also that the selectivity of clinoptilolite towards calcium is higher than magnesium, calcium was taken as the representative of total hardness within this work, as the ion competing with ammonium. CaCl 2 and NH 4 Cl were used to regulate calcium and ammonium concentrations, respectively, during the experiments as necessary. Experimental work included both batch and continuous runs as previously indicated. In the first part of the experiments batch isotherm work was conducted in flasks placed on the shaker at 20^2 8C for 24 hours. Water of different hardness levels was used in this phase of the experiments. Liquid phase concentrations were measured and solid phase concentrations were calculated from Table 4 , respectively. Effluent from the column was sampled continuously with time through the use of an autosampler and the samples were analyzed for calcium, and also ammonium and total harness as necessary.
Calcium and total hardness analyses were made using the titrimetric method in accordance with the Standard Methods (1998), and ammonium was determined by ion meterion electrode throughout both phases of the experiments.
Results and discussions
Surface capacities for calcium within the ranges of 0-60 mg Ca 2þ /l of liquid phase concentration, to represent soft and intermediately hard water, and 0 -220 mg Ca 2þ /l of liquid phase concentration, to represent the whole range of hardness levels from soft to very hard, were evaluated through isotherm work. In both cases the initial concentration of ammonium was constant at 1 mg NH 4 þ /l. The results of the isotherm work for the is to be noted from the figure that the incremental increase of the surface capacity for calcium ions decreases starting with the hard water range. The data for both concentration ranges were tested for compatibility with the two familiar monolayer isotherm models, namely Freundlich and Langmuir. The Langmuir model was determined to represent the isotherm data best in both concentration ranges and the corresponding isotherm equations were determined to be
for the 1-60 mg Ca 2þ /l range and
for the 1-220 mg Ca 2þ /l range. The similarity of the two isotherm equations is remarkable, indicating that practically the same isotherm equation may be used to predict surface concentrations throughout the full range of hardness levels. Calcium isotherms obtained with different initial concentrations of ammonium are presented in Figure 3 . It can be observed that the initial concentration of ammonium between 1-10 mg/l did not affect the surface capacity for calcium significantly.
The second part of the experimental work was devoted to continuous runs. The results of those experiments to give the breakthrough analysis for calcium is given in Figure 4 . As expected, service time for a given removal increases as contact time is increased. A survey of the figure reveals that at the contact time of 3.5 minutes breakthrough is almost immediate and that contact times over 5 minutes have accomplished considerable amounts of calcium ion removal, with a 90% removal efficiency for about a day at 10 minutes, which was the highest contact time investigated. Better performances may be expected for higher contact times. conditions employed, first calcium ions are exchanged for and 90% removal efficiency for calcium may be observed for 5 hours. The removal of calcium is practically completed at 45 hours, reaching its initial concentration at about 100 hours of service time. A survey of ammonium breakthrough on the other hand reveals that ammonium breakthrough is more gradual as compared to calcium and that 90% removal efficiency can be observed for about 35 hours and even at a service time of six days, its initial concentration was not reached.
Conclusions
The capacity of clinoptilolite for water softening through calcium removal in the process of ion exchange was investigated in this piece of work. The results have revealed that under conditions where calcium concentrations in the water are significantly higher than those of ammonium, the process may be a promising alternative for water softening. Both isotherm and breakthrough data were generated to present a quantitative appraisal of the proposal. The isotherm data were determined to fit the Langmuir model the best and surface capacities of up to 11 mg Ca 2þ /g of clinoptilolite were determined. It was observed that with contact times of five minutes or longer, an effective removal of calcium may be accomplished with better performance levels as the contact time is increased. The results obtained point to the fact that further research on the subject matter is worthwhile. 
